Multistep phosphorelay (MSP) cascades mediate responses to a wide spectrum of stimuli, including plant hormonal signaling, but several aspects of MSP await elucidation. Here, we provide first insight into the key step of MSP-mediated phosphotransfer in a eukaryotic system, the phosphorylation of the receiver domain of the histidine kinase CYTOKININ-INDEPENDENT 1 (CKI1 RD ) from Arabidopsis thaliana. We observed that the crystal structures of free, Mg 2؉ -bound, and beryllofluoridated CKI1 RD (a stable analogue of the labile phosphorylated form) were identical and similar to the active state of receiver domains of bacterial response regulators. However, the three CKI1 RD variants exhibited different conformational dynamics in solution. NMR studies revealed that Mg 2؉ binding and beryllofluoridation alter the conformational equilibrium of the ␤3-␣3 loop close to the phosphorylation site. Mutations that perturbed the conformational behavior of the ␤3-␣3 loop while keeping the active-site aspartate intact resulted in suppression of CKI1 function. Mechanistically, homology modeling indicated that the ␤3-␣3 loop directly interacts with the ATP-binding site of the CKI1 histidine kinase domain. The functional relevance of the conformational dynamics observed in the ␤3-␣3 loop of CKI1 RD was supported by a comparison with another A. thaliana histidine kinase, ETR1. In contrast to the highly dynamic ␤3-␣3 loop of CKI1 RD , the corresponding loop of the ETR1 receiver domain (ETR1 RD ) exhibited little conformational exchange and adopted a different orientation in crystals. Biochem-ical data indicated that ETR1 RD is involved in phosphorylationindependent signaling, implying a direct link between conformational behavior and the ability of eukaryotic receiver domains to participate in MSP.
Multistep phosphorelay (MSP) cascades mediate responses to a wide spectrum of stimuli, including plant hormonal signaling, but several aspects of MSP await elucidation. Here, we provide first insight into the key step of MSP-mediated phosphotransfer in a eukaryotic system, the phosphorylation of the receiver domain of the histidine kinase CYTOKININ-INDEPENDENT 1 (CKI1 RD ) from Arabidopsis thaliana. We observed that the crystal structures of free, Mg 2؉ -bound, and beryllofluoridated CKI1 RD (a stable analogue of the labile phosphorylated form) were identical and similar to the active state of receiver domains of bacterial response regulators. However, the three CKI1 RD variants exhibited different conformational dynamics in solution. NMR studies revealed that Mg 2؉ binding and beryllofluoridation alter the conformational equilibrium of the ␤3-␣3 loop close to the phosphorylation site. Mutations that perturbed the conformational behavior of the ␤3-␣3 loop while keeping the active-site aspartate intact resulted in suppression of CKI1 function. Mechanistically, homology modeling indicated that the ␤3-␣3 loop directly interacts with the ATP-binding site of the CKI1 histidine kinase domain. The functional relevance of the conformational dynamics observed in the ␤3-␣3 loop of CKI1 RD was supported by a comparison with another A. thaliana histidine kinase, ETR1. In contrast to the highly dynamic ␤3-␣3 loop of CKI1 RD , the corresponding loop of the ETR1 receiver domain (ETR1 RD ) exhibited little conformational exchange and adopted a different orientation in crystals. Biochem-ical data indicated that ETR1 RD is involved in phosphorylationindependent signaling, implying a direct link between conformational behavior and the ability of eukaryotic receiver domains to participate in MSP.
The growth and development of plants are regulated by a variety of hormones and environmental factors, as detected by specific receptors, including membrane hybrid histidine kinases (HKs). 4 Following ligand recognition by the input domain, a histidine residue in the cytosolic HK domain of the hybrid HK receptor is autophosphorylated. The phosphate group is subsequently transferred to the conserved aspartate of the receiver domain (RD), which initiates the downstream (trans)phosphorylation cascade. The phosphorelay is triggered by the RD-mediated phosphorylation of small soluble histidinecontaining phosphotransfer proteins that transfer the phosphates to the nucleus. Here, the transphosphorylation of the aspartate-containing response regulators (RRs), the final phosphate acceptors, takes place, regulating different cellular events, in most cases the transcription of target genes (1, 2) . This pathway, known as multistep phosphorelay (MSP), is unique to plants, lower eukaryotes, and bacteria. In the model plant Arabidopsis thaliana, eight canonical hybrid HK sensors involved in MSP (AHK1/AtHK1, AHK2, AHK3, AHK4/CRE1, AHK5/CKI2, ETR1, ERS1, and CKI1), five histidine-containing phosphotransfer proteins (AHP1-AHP5), and 23 RRs were identified. The plant MSP seems to have developed from its bacterial ancestor, two-component signaling. In two-component pathways, the signal-activated HK directly activates its canonical RR via phosphorylation of its RD, thereby (in most cases) controlling the gene expression.
CKI1 RD is structurally similar to RDs of bacterial RRs and studied thoroughly by analyzing crystal and solution structures, NMR relaxation, and computer simulations. However, the knowledge of the bacterial systems cannot be readily extrapolated to the signaling mediated by CKI1 RD . RDs of plant hybrid HKs and of bacterial RRs fulfill very different physiological functions in different molecular contexts. CKI1 RD is a C-terminal domain of a large transmembrane protein, but bacterial RDs are N-terminal portions of RRs or separate domains. RDs of RRs involved in the highly specific bacterial two-component systems do not transfer phosphate to downstream acceptors, but directly activate their effector domains, interact with separate effector proteins, or dimerize (oligomerize) using the ␣4 -␤5-␣5 face, distant from the phosphorylation site. In contrast, CKI1 RD (and other RDs of hybrid HKs involved in MSP) transfers phosphate from the donating CKI1 HK domain to several accepting AHP proteins, using the binding interface surrounding the phosphorylated aspartate. Interactions involving the ␣4 -␤5-␣5 face have not been reported for CKI1 RD .
Therefore, we decided to investigate the molecular mechanism underlying the CKI1 RD -mediated phosphorelay experimentally by comparing all three relevant forms of this protein: free CKI1 RD ; its complex with Mg 2ϩ ; and a stable analogue of the phosphorylated form, a beryllofluoride complex. We solved crystal structures of two CKI1 RD active-site mutants and of the beryllofluoridated CKI1 RD wild type, monitored conformational behavior of the individual CKI1 RD forms using NMR spectroscopy, and showed functional relevance of the observed changes of the conformational ensembles in vivo and in vitro.
Results

Crystal structure of beryllofluoridated CKI1 RD is identical with those of the free and Mg 2؉ -bound forms
To mimic the formation of the active state of CKI1 RD , a beryllofluoride (BeF 3 Ϫ ) moiety was used as a phosphate group analogue. It has been reported previously that this analogue can mimic the phosphorylation-induced structural changes of bacterial RDs (3) (4) (5) .
The crystal structure of beryllofluoridated CKI1 RD (PDB code 5N2N; Fig. 1 and Table 1 ) adopts a typical (␣/␤) 5 fold of the CheY-like protein superfamily (6) . Two residues in the N-terminal sequence preceding Met-944 of CKI1 form an additional ␤-strand (␤0) that is antiparallel to ␤5 of the central ␤-sheet, as observed in the crystal structures of free and Mg 2ϩbound CKI1 RD (7) .
The beryllofluoridated CKI1 RD structure revealed an octahedral coordination sphere of Mg 2ϩ that is formed by the mainchain carbonyl oxygen of Gln-1052, the side-chain carboxyl oxygens of Asp-1050 and Asp-993, a fluorine atom of BeF 3 Ϫ , and the oxygens of two water molecules ( Fig. 1, B and C, and supplemental Table S1 ). Asp-992, involved in the water-mediated coordination of the Mg 2ϩ ion in the Mg 2ϩ -bound form (PDB code 3MMN), is involved in the coordination in the beryllofluoridated CKI1 RD form as well (polar contact between O ␦1 and O H2O at a distance of 2.6 Å). Small differences in the distances for Mg 2ϩ coordination indicate a slight deformation of the octahedral arrangement. Furthermore, the side chain of Lys-1105 is involved in the formation of a salt bridge with a fluorine atom of BeF 3
Ϫ (distance N-F 3 , 2.39 Å), which is additionally stabilized by polar contact with Asp-992 (distance N-O ␦2 , 2.9 Å; Fig. 1B ). The 2F o F c and the lack of F o F c density maps confirmed the presence of Mg 2ϩ and BeF 3
Ϫ complex non-covalently bound to the active site Asp-1050 (distance O ␦1 -Be, 1.76 Å; Fig. 1C ).
A comparison with the previously determined structures of metal-free (PDB code 3MM4) and Mg 2ϩ -bound (PDB code 3MMN) CKI1 RD structures (7) revealed that the backbone conformation of beryllofluoridated CKI1 RD remained intact (Fig.  2) . The overall r.m.s.d. (C ␣ ) between beryllofluoridated CKI1 RD and the metal-free and Mg 2ϩ -bound forms of this protein were 
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shown to be 0.184 and 0.182 Å, respectively. Additionally, the orientations of side chains not interacting with Mg 2ϩ or BeF 3
Ϫ are very similar in all three forms of CKI1 RD (Fig. 3 ). The orientation of the Phe-1102 side chain corresponds to the conformation typical for activated bacterial RRs (8, 9) . Conformation of the Lys-1105 side chain depends on the formation of a polar contact with either Asp-1050 (in metal-free or Mg 2ϩ -bound CKI1 RD ) or a fluorine atom of beryllofluoride ( Fig. 3 ). This suggests that the reorientation of the carboxylic group of Asp-1050 in the Mg 2ϩ -bound form induces the reorientation of Lys-1105 needed for an effective stabilization of the RD phosphorylation.
Dynamics of CKI1 RD from NMR relaxation is dominated by conformational exchange in the ␤3-␣3 loop
The backbone motions of CKI1 RD were studied at the physiological temperature of 25°C using standard 15 N NMR relax-ation experiments (10) . The measured relaxation rates were analyzed in terms of the model-free approach (11) (12) (13) , as implemented in the program Relax. The obtained spectra (supplemental Fig. S1 ) allowed us to analyze relaxation of 74, 78, and 69 residues of the free, Mg 2ϩ -bound, and beryllofluoridated forms of CKI1 RD (consisting of 127 non-proline amino acids), respectively (supplemental Table S2 and supplemental Fig. S2 ; see under "Experimental procedures" for details).
The obtained parameters describing the fast internal motions (order parameters S 2 and S S 2 and correlation times e and s ) were very similar for all three forms of CKI1 RD (Fig. 4) . The flexible residues Met-944 -Gly-985 form a linker that connects the receiver domain to CKI1 and is expected to be disordered in the native protein. The receiver domain itself (residues Lys-986 -Glu-1116) exhibited dynamics typical for well-structured proteins, with the higher flexibility in loops resulting in 
where F o and F c are the observed and calculated structure-factor amplitudes, respectively. The free R factor was calculated while excluding 5% of the data from the refinement. Glu-1055 in the D1050A mutant and Ser-935 in the D1050E mutant of CKI1 RD were highlighted by Molprobity as having unusual / angles. 
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somewhat lower order parameters. In the most flexible ␣2-␤3 loop, the model-free analysis preferred two modes of the internal motion with well-defined correlation time of the slow motion close to 1 ns. The binding of Mg 2ϩ cations did not significantly change the fast dynamics, and only a small S 2 increase in loops close to the phosphorylation site was observed after beryllofluoridation, indicating that the presence of BeF 3
Ϫ makes the structure slightly more compact. The most significant differences between the CKI1 RD samples were observed on the microsecond to millisecond time scale. These slower events are considered biologically more important (14 -16) . The effect of a slow exchange was included into the model-free analysis as an additional parameter R ex ( Fig.  5A ) (10) and analyzed more precisely using 15 N Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion experiments (17) (18) (19) .
The analysis of free CKI1 RD revealed only a few residues with the exchange contribution (R ex ) lower than 5 s Ϫ1 at 600 MHz. However, the broadening of peaks of residues in the ␤3-␣3 loop provides strong evidence of an extensive conformational exchange in this region (supplemental Fig. S3 ).
The binding of Mg 2ϩ was shown to have a dramatic effect on the slow dynamics of the ␤3-␣3 loop ( Fig. 5, B-D) . The peaks of the ␤3-␣3 loop residues of Mg 2ϩ -bound CKI1 RD were observable in the 15 N-relaxation spectra, indicating the reduc-tion of the conformational exchange of the loop. The modelfree analysis showed that the ␤3-␣3 loop is the only region of Mg 2ϩ -bound CKI1 RD with significant slow dynamics (R ex between 15 and 20 s Ϫ1 at 600 MHz). Peak heights of Met-1053, Met-1056, and Asp-1057 were fitted to a two-state exchange model using the Relax program. The Met-1053 data showed, with a good precision, that the exchange rate was 6000 s Ϫ1 and the minor state population was 2% ( Table 2 ). The rate of formation of the minor state k A3 B calculated from these values is ϳ120 s Ϫ1 , comparable with rate constants of phosphotransfer to receiver domains of the yeast osmoregulatory system; phosphate is transferred from histidine transfer protein YPD1 to the receiver domains of hybrid histidine kinase SLN1 and of response regulator SSK1 with rate constants of 230 and 160 s Ϫ1 , respectively (20) . The value of k A3 B cannot be currently correlated with the rate of phosphorylation of CKI1 RD by CKI1 HK because the kinetics of this signaling step are not known. The fits for Met-1056 and Met-1057 peaks were less precise, but showed the same time scale of the exchange ( Table 2 and supplemental Fig. S5 ). It should be noted that the calculated exchange rates are relatively high, which makes the separation of the exchange parameters difficult. Additionally, the actual slow dynamics of the ␤3-␣3 loop may be more complex than described by the two-state models. Data obtained at 1 mM MgCl 2 concentration (data not shown) reveal that the chemical 
exchange (dissociation and association of Mg 2ϩ ) does not contribute significantly to the relaxation dispersion obtained at 30 mM MgCl 2 concentration.
The exchange contribution in the ␤3-␣3 loop disappeared after beryllofluoridation, suggesting that the loop conformation was constrained ( Fig. 5 , C and D). However, several residues in the C-terminal region showed an increase in R ex (Fig. 5A ). The most affected residue was shown to be Lys-1105 (R ex ϭ 16 s Ϫ1 at 600 MHz), whose side chain directly coordinates BeF 3 Ϫ in the X-ray structure (Fig. 1B) . The intensity of the Lys-1105 peak P P P P P P P P Cyan and magenta bars and pink lines above the plots represent ␣-helices, ␤-sheets, and loops, respectively. The ␤3-␣3 loop is highlighted in dark green. Prolines, unassigned residues, and residues that could not be analyzed quantitatively are indicated above the plots by letters "P", crosses, and dots (color-coded form individual CKI1 RD forms), respectively. Parameters estimated with the relative error greater than 50% are not shown. Cyan and magenta bars and pink lines above the plots represent ␣-helices, ␤-sheets, and loops, respectively. The ␤3-␣3 loop is highlighted in dark green. Prolines, unassigned residues, and residues that could not be analyzed quantitatively are indicated above the plots by letters "P", crosses, and dots (color-coded form individual CKI1 RD forms), respectively.
was too low to analyze the relaxation dispersion curves quantitatively (supplemental Figs. S4 -S6 ). An increased exchange contribution at a beryllofluoride concentration equal to its dissociation constant (5 mM, data not shown) indicated that the other residues are influenced by a chemical exchange because beryllofluoridated CKI1 RD cannot be studied at complete saturation due to the high dissociation constant of the phosphate analogue.
The discussed results of the NMR relaxation and relaxation dispersion analyses do not correlate with the crystallographic B factors (supplemental Fig. S7 ), indicating that the crystal structures do not reflect the dynamics of CKI1 RD in solution.
In summary, both Mg 2ϩ and BeF 3 Ϫ greatly affect slow the conformational dynamics of the ␤3-␣3 loop in solution, but they do not influence the backbone conformation in the crystal structures.
Mutations of the ␤3-␣3 loop termini change conformation of the loop in solution
To further probe dynamics of the ␤3-␣3 loop and its dependence on the phosphorylation state of CKI1 RD , we perturbed the loop by mutating the phosphoaccepting Asp-1050 to nonphosphorylatable alanine and phosphorylation-mimicking glutamic acid. The effects of the mutation were local, and the number of assigned peaks in NMR spectra was similar to the wild-type samples. Selective methionine labeling confirmed that the mutations of Asp-1050 affected only the methionines of the loop. CPMG experiments showed that conformational exchange of Met-1053 was eliminated, and the exchange of Met-1056 was reduced to the extent observed in Mg 2ϩ -bound wild-type CKI1 RD (Fig. 5 , C and D).
Another mutation probing conformational behavior of the ␤3-␣3 loop was based on a comparison with the RD of the ethylene receptor ETR1 (ETR1 RD ). ETR1 RD is structurally similar to CKI1 RD , except for the ␤3-␣3 loop. The loop adopts different orientations in the crystal structure (21) from those observed in the CKI1 RD X-ray structures. Furthermore, no severe NMR line-broadening was reported, suggesting its lower conformational flexibility in comparison with RDs of bacterial HKs (22) . We confirmed the published results by acquiring CPMG data for ETR1 RD at 950 MHz. In our experiment, none of the signals exhibited conformational exchange comparable with CKI1 RD . Among the well-resolved peaks of Gly-664, Val-665, Glu-666, Asn-667, and Gln-669 of the ␤3-␣3 loop, the highest exchange contribution at 950 MHz did not exceed values corresponding to 5 s Ϫ1 at 600 MHz (supplemental Fig. S8 ).
Comparison of the ␤3-␣3 loop sequences reveals that the ␤3-␣3 loop of ETR1 (VCMPGVEN) differs from the consensus sequence XXMPX⌽DG, where X is a variable amino acid and ⌽ represents a bulky hydrophobic residue (supplemental Table  S3 ). A highly conserved pair DG at the C terminus of the loop is replaced by EN in ETR1 RD . Substitution of the conformationally least restricted amino acid, glycine, by asparagine, is expected to influence conformational dynamics of the ␤3-␣3 loop significantly. We mutated the corresponding residues in CKI1 RD to mimic the ETR1 sequence. NMR spectra showed that the mutation of Asp-1057 and Gly-1058 perturbed the conformation in the region surrounding the ␤3-␣3 loop, including the ␣2 and ␣3 helices, the ␤3 strand, and the ␤2-␣2 loop (cf. Fig. 6 and supplemental Fig. S9A ). Met-1049 (preceding the active site) and Met-1099 in the ␣4 -␤5 loop were affected in spectra of the selective methionine-labeled double mutant, in addition to the methionines in the ␤3-␣3 loop (data not shown). Weak peak intensities in spectra of the uniformly labeled sample did not allow us to assign residues most affected by the mutation, whereas more distant regions were assigned reliably. Signs of two conformers in a slow exchange were also observed, most obviously in the methionine methyl region of 1 H-13 C HSQC spectra but also for some well-resolved peaks in the 1 H-15 N spectra (supplemental Fig. S9 , B-E). Changes in NMR spectra observed during titration by MgCl 2 and NaF/ BeCl 2 indicate that the Asp-1057 and Gly-1058 mutant is able to bind Mg 2ϩ (K d ϭ 6 mM) but not BeF 3
Ϫ . Altogether, mutations of phosphoaccepting Asp-1050 influence conformational exchange of the ␤3-␣3 loop with marginal effect on other regions of CKI1 RD . Replacing Asp-1057 and Gly-1058 by the corresponding residues of ETR1 results in much more dramatic changes of the ␤3-␣3 loop conformations, affecting regions surrounding the ␤3-␣3 loop but not perturbing the overall fold of CKI1 RD .
Mutation of the active site Asp-1050 shifts Phe-1102 to the inactive orientation in crystal structures of CKI1 RD
Screening of crystallization conditions was performed for the point mutants D1050A and D1050E and for the double mutant D1057E/G1058N. The double mutant did not crystallize under 
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the conditions tested, presumably due to the mentioned conformational heterogeneity, but well-diffracting crystals of the point mutants were obtained and X-ray structures solved (PDB code 5LNN, 5LNM; Table 1 ). A structural comparison of the mutants with the beryllofluoridated CKI1 RD revealed that the backbone conformation remained intact. The overall r.m.s.d. (C ␣ ) between beryllofluoridated CKI1 RD wild type and D1050A and D1050E mutants were 0.237 and 0.190 Å, respectively. With the exception of the mutated residues, the mutant structures differed from the wild type in the orientation of the Phe-1102 side chain that was rotated by ϳ80°and exposed as inactive RDs of bacterial RRs. Furthermore, we detected slight displacements of the backbone atoms of residues 1104 -1106 of ϳ2 Å and variations of some torsion angles between Lys-1105 and Phe-1102 ( and of Asp-1104 and of Leu-103 changed by ϳ25°and of Phe-1102 changed by 15°by the mutations, Fig. 3 , B-D). The ⑀ amine of Lys-1105 directly interacts with the active site in the crystal structures. Orientations of the side chains of residues surrounding Phe-1102 in the crystal were not changed by the mutations. Presumably, minor perturbations introduced by mutating or coordinating Asp-1050 are propagated through the Lys-1105 side chain and backbone of residues Asp-1104 and Leu-1103 and alter the populations of the Phe-1102 rotamers in favor of the buried state in the mutants.
To sum up, whereas wild-type CKI1 RD exhibits the "active" side-chain orientation of Phe-1102, mutations in phosphoaccepting Asp-1050 change its orientation to the position found in most bacterial RRs in their inactive state.
Chemical shifts indicate that Phe-1102 is reoriented in solution upon phosphorylation
In contrast to RDs of bacterial RRs, no biological role has been assigned to the reorientation of Phe-1102 in CKI1 RD . No significant changes in fast or slow dynamics were observed in the vicinity of Phe-1102 upon Mg 2ϩ binding or beryllofluoridation, and the same (active) orientation of Phe-1102 was found in crystal structures of all CKI1 RD forms. In contrast, crystal struc-tures of the D1050A and D1050E mutants revealed that the Phe-1102 orientation is sensitive to the active-site state. It should be stressed that none of the above-mentioned observations directly answers the question whether phosphorylation changes orientation of Phe-1102 in solution or not. We addressed this question by directly comparing chemical shifts of residues in various regions of CKI1 RD mutants and forms, to avoid difficulties of NMR structure determination in the presence of multiple conformational states. Residues close to the active site are influenced by both chemical modifications and conformational changes (e.g. Asp-993 in Fig. 6 and Asn-994 in supplemental Fig. S9A , directly coordinating Mg 2ϩ ). Chemical shifts of such residues are mostly influenced by the presence of Mg 2ϩ . Distant residues are not affected by direct chemical perturbations, and their chemical shifts reflect ensemble-averaged conformational changes. Analysis of the spectra revealed that chemical shifts of the residues distant from the active site, but close to Phe-1102 (e.g. Leu-1103 in Fig. 6 , Ile-1095 in supplemental Fig.  S9A , and Gly-1098 in supplemental Fig. S9B ), are similar for active-site mutants, free, and Mg 2ϩ -bound wild-type, but greatly changed by beryllofluoridation. Taken together, our data suggests that Phe-1102 is reoriented in solution upon phosphorylation, presumably to its active orientation.
Functional studies show that perturbation of the conformational equilibria of the ␤3-␣3 loop suppresses the CKI1 RD function
To prove the functional importance of the aforementioned structural changes, we performed a series of functional studies, both in vitro and in vivo. The histidine kinase domain of ETR1 (ETR1 HK ) was used to monitor the ability of the wild-type CKI1 RD and its mutants to mediate phosphorelay in vitro. Although phosphorylation of the D1050A and D1050E CKI1 RD mutants was not observed, as expected (data not shown), phosphorylation of wild-type CKI1 RD and CKI1 RD -mediated phosphate transfer to AHP2 were detected (Fig. 7, A and B) . Importantly, the phosphorylation or phosphate transfer to AHP2 was not observed for the D1057E/G1058N CKI1 RD mutant, with the 
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intact active-site Asp-1050 but perturbed conformational equilibrium of the ␤3-␣3 loop by the mutation resembling the ETR1 RD sequence.
The effect of mutations in the ␤3-␣3 loop on the in vivo CKI1 activity was monitored in the Arabidopsis protoplast assay. CKI1 and its mutants were coexpressed together with the cytokinin-responsive MSP reporter TCS/LUC (23) . CKI1, shown previously to activate MSP independently of the cytokinin treatment (24) , triggered the expression of the TCS reporter independently of cytokinin treatment (Fig. 8) , as reported previously (24, 25) . Mutation of Phe-1102 to alanine did not have any significant effect. However, similarly to the mutations in the active-site aspartate (D1050A and D1050E), the double mutation D1057E/G1058N suppressed the cytokinin-independent CKI1 activity to the control level ( Fig. 8 ).
In conclusion, D1057E/G1058N CKI1 RD perturbed in conformational equilibrium of the ␤3-␣3 loop by the mutation resembling the ETR1 RD sequence associates with suppression of biological activity in both the ability of CKI1 RD to mediate transphosphorylation to the downstream CKI1 signaling partner and activate MSP signaling.
Discussion
Structural changes of CKI1 RD and bacterial RDs upon activation
Several hundred RD structures are available in the PDB, including mostly the structures of bacterial RRs. The X-ray structures of bacterial (and yeast) RDs exhibit changes upon phosphorylation (beryllofluoridation) and divalent cation binding. The extent of the structural rearrangement varies among the RRs, but three general conformational changes can be identified as follows: rearrangement of the ␤3-␣3 loop; reorientation of the ␤4 -␣4 loop; and rotation of a hydrophobic (typically aromatic) side chain in the ␤5 strand. For the sake of simplicity, we limit the discussion of the mentioned structural changes to two prototypic bacterial RDs, chemotaxis RR CheY and Thermotoga maritima RR468.
The ␤3-␣3 loop of both phosphorylated and unphosphorylated RDs adopts an open "␥-turn loop" conformation (26) in the presence of divalent cations (Fig. 9 ). In this conformation, the phosphorylation site is quite accessible, and the conserved hydrophobic residue (typically methionine) in the position ϩ3 (relative to the phosphorylation site) is buried in the interior of the domain. In the absence of divalent cations, 
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"closed" conformations of the ␤3-␣3 loop have been observed, with the active-site aspartate buried, with the hydrophobic "ϩ3" side chain exposed, and with the "ϩ2" side chain oriented so that it precludes phosphorylation of the active-site aspartate (21, 27, 28,) . Although the metal ions seem to play a major role among factors determining the structure of the ␤3-␣3 loop, the "open" conformation was also found in crystals grown in the absence of divalent cations (29) .
Structural changes following the activation of metal-bound CheY are limited to Thr-87 and the ␤4 -␣4 loop (residues 88 -91) and to the side-chain rotation of Tyr-106 in the ␤5 strand (corresponding to Phe-1102 in CKI1 RD ). The comparison of the structures of inactive and active wild-type CheY, and of a series of CheY mutants, led to the suggestion that the molecular mechanism underlying the RD activation, dubbed Y-T coupling (8, 9) , represents a correlated motion of Thr-87 (forming a hydrogen bond with the phosphate group), ␤4 -␣4 loop (being pulled to the phosphate group), and Tyr-106 (rotating from the exposed g Ϫ to the buried g ϩ orientation). However, not all structural data support the Y-T coupling mechanism. For example, a mixture of inactive and active-like conformations of the ␤4 -␣4 loop and Tyr-106 were observed in a high-resolution crystal structure of unphosphorylated CheY (30) .
Conformations observed in unphosphorylated crystal structures of AHK5 RD and ETR1 RD from A. thaliana seem to be determined by the same principles as outlined for bacterial RDs. The conformation of the ␤3-␣3 loop (Fig. 9 ) is open in Mg 2ϩ -bound AHK5 RD (31) and similar to the closed conformations of CheY and RR468 in metal-free ETR1 RD (21) . The residues corresponding to CheY Tyr-106 (Val-711 in ETR1 RD and Phe-903 in AHK5 RD ) are exposed as in inactive bacterial RDs. The ␤4 -␣4 loop of ETR1 RD resembles the inactive conformation of bacterial RDs. The structure of AHK5 RD is known only in complex with AHP1, where the ␤4 -␣4 loop, close to the interaction surface, adopts a conformation different from any of those discussed above.
Unlike the bacterial RDs, all three forms of CKI1 RD (metalfree, Mg 2ϩ -bound, and beryllofluoridated) crystallized with the open ␤3-␣3 conformation, buried (active) Phe-1102, and the conformation of the ␤4 -␣4 loop and Ser-1082 (corresponding to T87 of CheY) resembling the inactive state of bacterial RDs. The determined structure can be viewed as the energetically most favorable state of CKI1 RD in the crystal, adopted at low temperature (100 K), and possibly influenced by crystal packing. Although the wild-type CKI1 RD crystal structures represent excellent evidence of the conformational selection mechanism (14 -16, 32, 33), the conformational behavior of CKI1 RD had to be derived from additional data. Analysis of NMR spectra revealed conformational changes in the ␤3-␣3 loop and shift of populations of the rotameric states of Phe-1102 by beryllofluoridation. Analysis of the wild-type and mutant crystal structures suggests that the phosphorylation site and Phe-1102 are not coupled through Ser-1082 and the ␤4 -␣4 loop, but via Lys-K1105, as proposed in earlier studies of CheY (34) .
Conformational dynamics of CKI1 RD and bacterial RDs from NMR relaxation
The body of literature dedicated to the dynamics of the different forms of RDs is less extensive than structural reports. Among the bacterial RRs, CheY (15, 35, 36) and nitrogen regulatory protein NtrC (NtrC R ) from Salmonella enterica (14, 16, 37) are the most studied ones, including studies of relaxation dispersion. NMR relaxation experiments showed that all investigated RDs exhibit similar dynamics on a fast, sub-nanosecond time scale. Metal binding, phosphorylation, or beryllofluoridation did not result in a dramatic change of the fast backbone dynamics in the ␤3-␣3 loop in any of the studied RDs (14, 36, 38, 39) . However, beryllofluoridation of CheY changed fast dynamics of side chains in the same regions where the slow conformational exchange (see below) was observed (36) . In our study, we observed a small increase in the rigidity of the ␤3-␣3 loop and in the adjacent loops upon beryllofluoridation of CKI1 RD (Fig. 4) , in agreement with the data published for other RDs.
Slow conformational dynamics results in the exchange contribution, given by exchange rates k ex , populations p A , p B , and chemical shift difference ⌬ of the states. Exchange was observed in the ␤3-␣3 loop, and in other regions that show structural differences between the inactive and active forms: the ␤4 -␣4 loop and the vicinity of Thr-87 and Tyr-106 in CheY (15, 36) , and a much larger region between the ␤3-␣3 loop and ␤5-sheet in NtrC R (14, 16, 40) . Beryllofluoridation largely suppresses the conformational exchange in CheY (15, 36) and NtrC R (40) .
The analysis of the relaxation dispersion data provided an opportunity to test the Y-T coupling model of bacterial RD activation, predicting the correlation of movements in the ␤4 -␣4 loop with the rotation of critical aromatic side chain in the ␤5 strand (Tyr-101 in CheY and Tyr-106 in NtrC R ). The variations in exchange rates and populations (supplemental Table S4 ), together with the lack of correlation between chemical shift changes upon beryllofluoridation and chemical shift differences obtained from the local fits of relaxation dispersion data, were interpreted as evidence for a role of segmental motions in the activation of CheY (15) . Relaxation dispersion of NtrC R revealed much faster exchange in its unphosphorylated form and partially activated mutants (40) . In comparison, beryllofluoridated NtrC R together with its transition-state mutants revealed exchange rates similar to the values reported for CheY (16, 40) . In addition, a much faster dynamic process was detected and attributed to the side-chain rotation of Tyr-101 (16) , indicating that the rotameric exchange is not correlated with the backbone rearrangement. To sum up, despite the significant differences between CheY and NtrC R , relaxation dispersion experiments showed that both RRs exhibit multiple uncorrelated modes of motions. This is in contrast to the previously proposed Y-T coupling model of activation.
Our NMR relaxation data revealed that conformational exchange in CKI1 RD is strongly manifested in the ␤3-␣3 loop but is negligible in other regions. It shows that CKI1 RD differs in conformational dynamics from the bacterial RDs, discussed above (exhibiting strong conformational exchange also in other regions). The observed conformational dynamics of CKI1 RD is
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also substantially different from another plant hybrid HKs, ETR1 RD , crystallizing with the inactive closed conformation of the ␤3-␣3 loop and exhibiting negligible conformational exchange in solution. This is in line with the recently described phosphorylation-independent mode of action of ETR1 RD (22) .
Computational studies of conformational changes of bacterial RDs
The potential role of the ␤3-␣3 loop in the allosteric activation of bacterial RDs has been addressed in several computational studies. The conclusions mostly depend on the starting structures used. When the models of the inactive and active states were derived from structures with the open ␤3-␣3 loop, dynamics in this loop did not play any significant role in the activation (40 -43) . The transitions between the active and inactive states occurred through multiple pathways, with intermediates stabilized by hydrophobic packing and non-native hydrogen bonds.
However, simulations started from the inactive state with the closed conformation of the ␤3-␣3 loop indicated that conformational changes of this loop dominate the transition to the active state (44, 45) . Our experimental observation of the conformational exchange in the ␤3-␣3 loop suggests that similar transitions may occur also in CKI1 RD .
Relation of the ␤3-␣3 loop dynamics to the function of CKI1 RD
Signal transduction mediated by RDs relies on interactions with a broad spectrum of proteins. Not surprisingly, the regions of conformational changes associated with RD activation (namely the ␣4 -␤5-␣5 face and loops in the vicinity of the phosphorylation site) are also important for the interactions.
The ␤4 -␣4 loop and the residue corresponding to Tyr-106 of CheY are located in the ␣4 -␤5-␣5 face involved in dimerization of RDs of bacterial RRs and their interactions with the effector domains/proteins. The rotameric state of Tyr-106 is influenced by some, but not all, proteins interacting with the ␣4 -␤5-␣5 face of CheY. Tyr-106 of unphosphorylated CheY remains exposed in the complexes with the CheA P2 domain (46, 47) but is buried (as in the active form) in complexes with short fragments of its interacting partners, CheZ (48) and FliM (9) . In CKI1 RD , no conformational exchange influenced by beryllofluoridation was observed in the ␣4 -␤5-␣5 face, but mutagenesis and chemical shift changes revealed that Phe-1102 of CKI1 undergoes similar allosteric changes as Tyr-106 of CheY. Biological relevance of this observation is unclear because proteins interacting with the ␣4 -␤5-␣5 face of CKI1 RD are not known.
The ␤3-␣3 loop, exhibiting the most significant changes of dynamics upon beryllofluoridation of CKI1 RD , marginally contributes to the binding site of downstream signaling partners (histidine-containing phosphotransfer proteins) and is the central element of the kinase/phosphatase binding face of RDs, crucial for the interactions with the ATP-binding domain of the upstream HKs. It seems natural that a region that is involved in interactions with different proteins (HKs and AHPs, with different binding interfaces) is dynamic, so that it can accommodate both the upstream and downstream interacting partners. It has been observed for a homologous yeast RD, SLN1-R1, that phosphorylation of RD leads to a conformational change optimal for phosphate transfer to the phosphotransfer protein YPD1 (49) . Crystal structures of the eukaryotic RDs interacting with the HK domains are not available, but comparison with the Spo0F-Spo0B and HK853-RR468 co-crystals provides valuable homology models. The ␤3-␣3 loop in its open conformation interacts with the ATP lid of the kinase, gluing together the assembly of the RR, catalytic domain, and dimerization domain of HK (28) . High structural homology of individual bacterial and plant domains suggests similar interactions for CKI1 (supplemental Fig. S10) . Remarkably, the complex of RR468 with HK853, with the open conformation of the RR468 ␤3-␣3 loop, is formed even in the absence of divalent cations (28) , implying that the interaction of the RR with its cognate HK might replace the effect of Mg 2ϩ and stabilize the ␤3-␣3 loop in the open conformation. Thus, the changes of the conformational exchange in the ␤3-␣3 loop observed in CKI1 RD may reflect shifts of conformer populations important for interactions of CKI1 RD with the ATP-binding sub-domain of CKI1 HK . It has been shown previously (14, 40) that phosphorylation shifts populations of already existing inactive and active conformations of NtrC R by stabilizing the active state. Our NMR data indicate that a similar conformational selection takes place also in the case of CKI1 RD , and that the conformational exchange in the ␤3-␣3 loop of CKI1 RD is not an accident but manifestation of conformational equilibrium optimal for the proper function of CKI1. The conformational energy landscape of the loop is such that phosphorylation is able to stabilize the active state, and interactions with the kinase domain and AHPs presumably select conformations optimal for accepting and donating the phosphate group, respectively. The conformational freedom can be viewed as a mechanism allowing the unphosphorylated/ phosphorylated ␤3-␣3 loop to be involved in interactions with multiple proteins, with distinct affinities and slightly different binding surfaces. This hypothesis also provides a physical explanation of results of the in vitro phosphorylation assay and of the (in)ability of CKI1 and its mutants to activate the cytokinin-responsive reporter TCS/LUC in plant protoplasts. I both experiments, the activities exhibited by the wild-type were eliminated by mutating not only Asp-1050 but also the pair Asp-1057 and Gly-1058 ( Figs. 7 and 8) . These mutations suppress the activities in different ways. Although Asp-1050 is directly phosphorylated and coordinates the Mg 2ϩ ion, Asp-1057 and Gly-1058 are relatively distant from the phosphorylation site (over 6 Å) and do not coordinate Mg 2ϩ or BeF 3 Ϫ in the wild type ( Fig. 1 and supplemental Table S1 ). However, the D1057E/G1058N mutations strongly affect conformational energy landscape of the ␤3-␣3 loop (the mutated residues have very different energetically favored areas in the Ramachandran diagram). The conformation ensemble of the loop in the Asp-1057 and Gly-1058 mutant thus seems to be affected in such a way that interactions with HK and/or phosphorylation of Asp-1050 are no longer able to stabilize sufficiently the conformation(s) needed for the transfer of the phosphate group to CKI1 RD , preventing the CKI1-mediated signaling downstream through MSP, as evidenced by both in vitro and in vivo assays.
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Experimental procedures
CKI1 RD constructs
The CKI1 RD construct containing the receiver domain and an N-terminal 60-amino acid region mostly invisible in crystal structures (7) was prepared as described earlier (50) . Additionally, a shorter construct, containing only the receiver domain was tested as well, but, even though it was expressed as a wellfolded protein sufficiently stable to perform backbone NMR assignment, the degradation of the sample was observed several days after the expression and crystallization attempts failed. This suggests that the N-terminal sequence plays an important stabilizing role in vitro. This conclusion is supported by an observation that a stretch of residues SGLVP, in the N-terminal sequence MGSSHHHHHHSSGLVPRGSH, which precedes Met-944 of CKI1, is integrated into the central ␤-sheet, forming a strand (referred to as ␤0 in this paper) that interacts with the ␤5 strand in an anti-parallel orientation (see PDB codes 3MM4 and 3MMN (7)). Consequently, the longer construct was used in this study for crystal structure determination and NMR relaxation experiments. Mutants in the Asp-1050 residue were prepared according to Ref. 7. Double mutant D1057E/G1058N was generated by QuickChange Lightning multi site-directed mutagenesis kit (Agilent Technologies) using the primer 5Ј-ACTGCCAAATGCCAGAAATGGAAAACTATG-AAGC-AACTAGAGAGA-3Ј.
X-ray crystallography
CKI1 RD was beryllofluoridated by the addition of 9 mM BeCl 2 (Sigma), 70 mM NaF (Sigma), and 10 mM MgCl 2 (Merck) to Ϸ1.0 mg/ml of the protein solution (51) . The sample was equilibrated for 45 min at room temperature and concentrated to 7.5 mg/ml, using 0.5-ml Eppendorf tube with Nanosep centrifugal filters, with the molecular mass cutoff of 3 kDa (Pall Corp.). The crystallization of the beryllofluoridated form and D1050A and D1050E mutants of CKI1 RD was performed as described for free and Mg 2ϩ -bound CKI1 RD (50) . Following the optimization, the crystals were obtained by the hanging drop method, by mixing equal volumes of protein solution at the concentrations of 7.5 to 10 mg/ml, and a reservoir solution containing 0.1 M MES (Duchefa), 2.54 M (NH 4 ) 2 SO 4 (Lachner), 11.8% glycerol (Lachner, not used for the mutants), pH 5.05, at 17°C. Prior to the diffraction experiments, the crystals of the beryllofluoridated CKI1 RD and of the D1050A and D1050E mutants were cryoprotected after soaking them in paratone-N (Molecular Dimensions). The diffraction data of the crystals of the beryllofluoridated CKI1 RD were collected at BL14.1, operated by the Helmholtz-Zentrum Berlin (HZB) at the BESSY II electron storage ring (Berlin-Adlershof, Germany) (52) at the native wavelength (0.91841 Å). The crystals of CKI1 RD mutants were collected at the X12 beam line, operated by EMBL/DESY at the DORIS electron storage ring (Hamburg, Germany) at the native wavelength (0.97522 Å). Image processing and integration were performed using either XDS (53) or XDSAPP (54) before scaling and conversion to structural factors using SCALA in the CCP4 program suite (55) . The structures of the beryllofluoridated CKI1 RD wild-type and of the mutants were solved by the molecular replacement technique with MOLREP (56) using the metal-free CKI1 RD (PDB code 3MM4) as a structural template (7) . Crystallographic refinement was carried out with the Refmac program (57) , and manual model building was achieved using Coot (58) . The incorporation of BeF 3 Ϫ and Mg 2ϩ was performed following the inspection of mF o Ϫ DF cweighted maps. Water molecules were introduced automatically using Coot and inspected manually. Alternative conformations were constructed where necessary (with occupancies estimated from the refined relative B-factors of the conformations). The stereochemical quality of the models was assessed with the Molprobity program (59) . Protein structure images were prepared using PyMOL (Schrödinger, Inc.).
NMR spectroscopy
The uniformly 15 N-and 13 C, 15 N-labeled and selectively [ 15 N]Met-labeled CKI1 RD samples were prepared according to Ref. 7, using M9 minimal medium supplemented with [ 13 C]glucose (Cambridge Isotope Laboratories) and/or [ 15 N]NH 4 Cl (Cambridge Isotope Laboratories) for uniform labeling, and M9 medium supplemented with 100 mg of each unlabeled amino acid except methionine, for the selective labeling. One hour after the induction, 2 g of glutamine (Sigma) and glutamic acid (Sigma), 1 g of other unlabeled amino acids (Sigma) except methionine, and 100 mg of [ 15 N]methionine (Cortecnet) were added. Cells were harvested after 2 h and purified as described above.
Samples consisting of 0.6 mM uniformly 15 N-labeled CKI1 RD in 20 mM Tris-HCl buffer (Serva), pH 7.5, containing 150 mM sodium chloride (Lachner), 1 mM EDTA (Lachner), and 10% deuterium oxide (Lachner) were used for the NMR relaxation studies of metal-free Mg 2ϩ . Mg 2ϩ -bound CKI1 RD samples, used in the relaxation experiments and for BeF 3 Ϫ titration, were prepared by adding 30 mM MgCl 2 to the free CKI1 RD sample. The dissociation for Mg 2ϩ was determined previously to be (0.43 Ϯ 0.06) mM (7) . Titration with beryllium chloride and sodium fluoride, up to 50 mM concentration of Be 2ϩ , was performed. The dissociation constant, determined from the chemical shift changes observed in the 1 H-15 N HSQC spectra (60, 61) , was shown to be (4.8 Ϯ 0.8) mM. The beryllofluoridated samples, used for chemical shift assignment and relaxation studies, contained 50 mM BeCl 2 and 150 mM NaF in addition to 30 mM MgCl 2 .
The sample of 0.6 mM uniformly 15 N-labeled ETR1 RD was prepared according to Ref. 62, using M9 medium supplemented with [ 15 N]NH 4 C and pHYRSF53LA (University of Helsinki) as a vector. The sample used in the relaxation dispersion experiment consisted of 0.6 mM 15 N-ETR1 RD , 50 mM sodium phosphate (Merck) buffer, pH 6.0, 1 mM dithiothreitol (Duchefa), and 10% deuterium oxide.
NMR spectra were acquired at 25°C using a Bruker Avance III HD 600 MHz spectrometer, equipped with the cryogenic ( 1 H-31 P-13 C-15 N) inverse probe head (Bruker), a Bruker Avance III HD 700 MHz spectrometer equipped with cryogenic ( 1 H-13 C-15 N) probe head optimized for 13 C detection, a Bruker Avance III HD 850 MHz spectrometer equipped with the cryogenic ( 1 H/ 19 F-13 C-15 N) inverse probe head, and a Bruker Avance III HD 950 MHz spectrometer equipped with the cryogenic ( 1 H-13 C-15 N) inverse probe head.
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Backbone amide signals of two methionine residues in the ␤3-␣3 loop in free CKI1 RD , broadened beyond the detection limit in standard NMR experiments (7) , were identified by performing an 1 H-15 N HSQC experiment, with a large number of scans and with a reduced length of the polarization transfer periods. The relaxation-optimized 2D 1 H-15 N HSQC spectrum (60, 61) of the free [ 15 N]Met-labeled CKI1 RD , was recorded at 600 MHz with 96 increments in the indirect dimension and with 1024 scans per increment. The lengths of the increment and polarization transfer delay were set to 0.2 and 2.8 ms, respectively. Under these conditions, two additional broad signals were observed (supplemental Fig. S3B ). The comparison with the chemical shift changes during the last steps of the Mg 2ϩ titration allowed us to assign these signals to Met-1053 and Met-1056. Six of eight non-proline residues in the ␤3-␣3 loop of Mg 2ϩ -bound CKI1 RD were assigned recently using amino acid selective labeling and triple resonance experiments with relatively short polarization transfer periods (63) .
HNCA, HN(CO)CA, HNCACB, and CBCA(CO)NH experiments (64 -66) were used to assign backbone resonances of 13 C, 15 N -labeled beryllofluoridated CKI1 RD . The same experiments were applied to assign 1 H, 15 N spectra of the CKI1 RD mutants.
NMR relaxation
Standard experiments (10) were used for the measurements of R 1 at 600 MHz, with relaxation delays of 22.4*, 112, 268.8, 470.4*, 761.6*, 1120*, 1792, 2688*, 3696, and 4704* ms, and of R 2 at 600 MHz and 850 MHz, with relaxation delays of 0, 14.4*, 28.8, 43.2, 57.6*, 72, 86.4*, 100.8, 115.2*, 144*, and 172.8 ms (the asterisk denotes the spectra recorded twice). The R 2 rates were measured with the delay between the 180°pulses in the CPMG train equal to 0.9 ms. The heating of the sample was compensated for by lowering the temperature setting by a value determined using the NMR thermometer function of the Bruker Topspin software. Relaxation rates measured by varying relaxation delays were obtained by fitting the peak intensities to a mono-exponential decay using the Relax program, version 3.3.8 (67, 68) . Bootstrap re-sampling was used to estimate the experimental errors of R 1 and R 2 (69) . The 1 H-15 N steady-state nuclear Overhauser effect (70) was measured at 600 MHz with a 12-s inter-scan relaxation delay; the steady state was achieved using 226 repeats of 180°1H pulses, separated by 22.22-ms delay. The reference spectra were measured interleaved together with the spectra under the steady-state conditions. All experiments were performed at 25°C. The experimental error was obtained from three independent measurements.
The complete model-free (11) (12) (13) 71) analysis was performed using the Relax program, version 3.3.8 (67, 68) . Briefly, the protocol started by optimizing parameters m (a local correlation time approximating the effect of the overall rotational diffusion individually for each residue), S 2 (Lipari and Szabo generalized order parameter), e (effective correlation time in the original model-free formula), S f 2 and f (amplitude and effective correlation time of the faster motion in the extended model-free formula, respectively), s (effective correlation time of the slower motion in the extended model-free formula), and R ex (slow exchange contribution), defining models tm0 to tm9 as follows:
Then, failed models were eliminated, and the best model was selected using Akaike's Information Criterion (AIC). Then, m was removed from the models; the remaining parameters were fixed; and parameters describing the overall rotational diffusion (isotropic, axial, and rhombic components of the diffusion tensor and Euler angles defining its orientation) were optimized. In the next step, the parameters of the overall rotational diffusion were fixed and the internal parameters S 2 , e , f , s , and R ex were optimized for models m0 to m9, corresponding to models tm0 to tm9, respectively, without m . The best model was identified using AIC. The last two steps were repeated iteratively, until the convergence was reached. Finally, AIC was applied to find the model of the overall rotational diffusion (ellipsoid, prolate spheroid, oblate spheroid, sphere, or local m fit), which provided the best description of the dynamics. Prolate, ellipsoid, and oblate models of rotational diffusion were selected by the Relax program for free, Mg 2ϩbound, and beryllofluoridated CKI1 RD , respectively. However, the estimated parameters of the ellipsoid model (D ʈ /D Ќ of 1.21, 1.13, and 1.10, and asymmetry of 0.28, 0.34, and 0.06, for free, Mg 2ϩ -bound, and beryllofluoridated CKI1 RD , respectively) revealed that the rotational diffusion of all three forms was close to isotropic. Small differences between the isotropic components of the rotational diffusion tensor (12.1, 12.0, and 12.8 ns Ϫ1 for free, Mg 2ϩ -bound, and beryllofluoridated CKI1 RD forms, respectively) most likely reflect the variations in viscosity and heating of the samples of different ionic strengths, rather than biologically relevant changes. The model-free parameters were obtained for 74 (93), 78 (97), and 69 (90), respectively, and backbone NH groups of the free, Mg 2ϩ -bound, and beryllofluoridated forms of CKI1 RD , consisting of 127 non-proline amino acids (the numbers in parentheses refer to the whole construct containing 198 backbone NH groups). 10 (36), 10 (37), and 8 (32) residues, respectively, were not assigned; 43 (69), 39 (64) , and 50 (76) residues could not be analyzed due to peak overlaps and/or low signal intensity or because the model m0 was selected during the model-free protocol.
NMR relaxation dispersion
The slow conformational exchange was studied using the relaxation-compensated CPMG relaxation dispersion experiment (18, 19) , with the CPMG frequency ranging from 50 to 1000 Hz and the relaxation delays of 0, 18, and 36 ms. The relaxation delays were shortened to 0, 9, and 18 ms, and the CPMG frequency was extended to 2000 Hz in some experiments, which did not lead to a significant sample heating. The relaxation dispersion analysis of free wild-type CKI1 RD was performed at 600 MHz; experiments in the presence of 30 mM MgCl 2 and of the selectively [ 15 N]-Met-labeled D1050A and D1050E mutants were run at 600, 700, 850, and 950 MHz; the experiment in the presence of 1 mM MgCl 2 was run at 600 MHz; the experiments in the presence of 30 mM MgCl 2 , 150 mM NaF, and 50 mM BeCl 2 were performed at 600 and 950 MHz; and the experiment in the presence of 30 mM MgCl 2 , 15 mM NaF, and 5
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mM BeCl 2 was run at 950 MHz. The CPMG experiment at the concentration of 30 mM MgCl 2 , at 950 MHz, was repeated with selectively [ 15 N]Met-labeled CKI1 RD to resolve the overlap of Met-1056 with Val-1013. All experiments were performed at 25°C.
The data were analyzed using the auto-analysis script in Relax, version 4.0.0 (72), modified to suit our needs. First, the R 2, eff values were obtained by fitting the peak intensities to a two-parameter exponential decay and used in subsequent analyses with various CPMG models. The R 2, eff optimization was done using Newton minimization with no constraints, and all other models were optimized with Nelder-Mead simplex method with the default constraints. The optimizations were preceded by grid search (with 11, 9, or 7 increments) with the default bounds. The following models implemented in Relax were used: R2eff; No Rex; LM63; CR72; CR72 full; IT99; B14; B14 full; NS CPMG 2-site expanded; NS CPMG 2-site 3D; NS CPMG 2-site 3D full; NS CPMG 2-site star; NS CPMG 2-site star full; (see the Relax user's manual for detailed description). The model selection was done using AIC. The numerical reduced NS 2-site 3D CPMG model and the analytical Luz-Meiboom model LM63 (73) were selected by the Relax autoanalysis for dispersion data of Mg 2ϩ -bound and beryllofluoridated CKI1 RD , respectively.
In vitro phosphorylation assay
ETR1 HK , used in the phosphorylation assay, was prepared as follows. A plasmid containing a DNA fragment encoding the HK domain (residues 324 -604) was constructed by PCR with primers 5Ј-TAGGATCCATGGAGCAGAATGTTGCTCTT-G-3Ј (BamHI site shown in bold) and 5Ј-GTTCCAGCCATT-CCCCGACATTAAGCTTTACT-3Ј (HindIII site shown in bold). Amplified DNA was digested with BamHI and HindIII, ligated into the vector pFGRSF05, and transformed into Escherichia coli strain DH5␣ (New England Biolabs) and finally into E. coli expression strain ER2566 (New England Biolabs). The cells carrying the expression plasmid were cultured with shaking in TB medium, pH 8, at 37°C until an A 600 of 0.6 was reached. The expression of ETR1 HK was then induced by adding isopropyl ␤-D-1-thiogalactopyranoside to a final concentration of 0.5 mM. After an overnight incubation at 18°C, the cells were harvested by centrifugation at 6000 rpm for 10 min at 4°C. The cell pellet was resuspended in lysis buffer (50 mM Tris, pH 7.9, 0.5 M NaCl, 10 mM imidazole, 10% glycerol, 2.5 mM ␤-mercaptoethanol, 0.1% Triton X-100, 1 mg/ml lysozyme), left on ice for 20 min, and disrupted by sonication. The suspension was centrifuged (20,000 rpm, 35 min, 4°C), filtered, and loaded onto the HisTrap 5-ml column (GE Healthcare) equilibrated with a buffer containing 50 mM Tris, 0.5 M NaCl, 10 mM imidazole, 10% glycerol, 2.5 mM ␤-mercaptoethanol. ETR1 HK was eluted by the same buffer containing 500 mM imidazole, dialyzed against the PBS buffer, cleaved overnight at 4°C by UlpI protease, purified from the cleaved Sumo protein and thioredoxin on the HisTrap 5-ml column (GE Healthcare), and concentrated on a 10-kDa Amicon Ultra concentration filter (Merck). CKI1 RD wild-type and mutants were prepared as described above, and AHP2 was produced as reported earlier (74) .
Prior to the phosphate transfer reaction, ETR1 HK was autophosphorylated with 32 nM [␥-32 P]ATP (600 Ci/mmol, Hartmann Analytic GmbH) in a buffer containing 50 mM Tris-HCl, pH 7.5, 10% glycerol, 5 mM MgCl 2 , 5 mM MnCl 2 , and 2 mM dithiothreitol for 90 min at room temperature. Residual ATP was removed with Zeba TM spin desalting columns, 7000 MWCO, 0.5 ml. The reaction was started by adding 2 M autophosphorylated ETR1 HK to samples containing 6 M CKI1 RD wild-type and mutants with and without 6 M AHP2. The total volume of the reaction mixtures was 10 l. Reactions were stopped at various times by addition of 4ϫ SDS loading buffer supplemented with 80 mM EDTA. Samples were applied to a 15% SDS-polyacrylamide gel and separated by electrophoresis without being boiled. Incorporation of 32 P was monitored using Typhoon Fla-7000 Scanner (GE Healthcare). Coomassie Blue staining of the same gel was performed to verify the protein loading.
TCS/LUC Arabidopsis protoplast assay
CKI1 gene was synthesized by GenScript Co. and cloned using GATEWAY TM Cloning Technology. CKI1 mutants were generated as described above. Protoplasts from Arabidopsis leafs of Col-0 were prepared and transformed as described by Ref. 75 . Protoplasts were cotransformed with TCS/LUC (23), 35S/Renilla (76) , and either with mock (35S:GUS) or 35S:CKI1. Expression of the CKI1 wild type and mutants was confirmed by Western blotting. Transformed protoplasts were incubated for 15 h on light at room temperature and treated with either DMSO or 100 nM trans-zeatin for 1 h. Luminescence measurement was performed with the Dual-Luciferase Reporter Assay System kit (Promega), and the signal emitted was recorded using a GloMax-Multi detection system (Promega). The experiment was done in three independent biological replicates.
Homology modeling
The model of the CKI1 region 370 -1120 was constructed in two steps. First, the temporary homology model of the corresponding CKI1 region was built based on the complex of T. maritima HK853 mutants A268V, A271G, T275M, V294T, and D297E with RR468 mutants V13P, L14I, I17M, and N21V, PDB code 4JAS (77), by using Modeler version 9v8 (78) and the sequence alignment by Clustal (79) . Second, the presented crystal structure of beryllofluoridated CKI1 RD , PDB code 5N2N, was superposed with the corresponding region within the homology model. The resulting model of CKI1 containing HK and RD is presented in Fig. 9 . Regions of individual CKI1 domains were taken from the SMART database (80) , and the graphical representation of the homology model was generated in PyMOL (Schrödinger, Inc.).
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